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 
Abstract— In this paper a novel comprehensive FSO / RF 
communication system is presented, in which a user is connected 
to the source Base Station via an RF link with receive diversity, 
then source and destination Base stations are connected via multi-
hop hybrid parallel FSO / RF link. It is the first time that in a 
multi-hop FSO/RF system, receive diversity, signal selection at 
each hop, Demodulate & Forward relaying, Rayleigh fading in RF 
link, and wide range of atmospheric turbulences from moderate to 
strong are considered. Bit Error Rate and Outage Probability are 
investigated as performance criteria. New exact and asymptotic 
expressions are derived for these criteria, and MATLAB 
simulations are provided to verify them. In the results part, for the 
first time performance of such a structure is investigated at 
different number of receive antennas as well as relays; it’s 
indicated that the proposed structure has low dependence on 
number of receive antennas, therefore single receive antenna 
scheme despite low complexity and power consumption, has the 
same performance as multi-antenna scheme.  The proposed 
structure shows independent performance at moderate and strong 
atmospheric turbulence regimes. Hence, it does not require to 
adjust its parameters adaptively to maintain performance. 
According to these advantages, this structure is economically 
affordable and particularly suitable for urban communications 
which encounter frequent changes in atmospheric turbulence and 
require less complexity and power consumption.  
 
Index Terms—Free Space Optical / Radio Frequency, Gamma-
Gamma, Negative Exponential, pointing error, multi-hop, receive 
diversity. 
 
I. INTRODUCTION 
 
ntensity Modulation / Direct Detection (IM/DD) based on 
On-Off-Keying (OOK), because of simple implementation, 
is mostly used in FSO system [1]. In OOK detection threshold 
is adjusted based on Channel State Information (CSI), therefore 
the channel must be estimated. Pulse Position Modulation 
(PPM), is another modulation used in FSO systems, which has 
lower spectral efficiency than OOK, but fixed detection 
threshold. Subcarrier Intensity Modulation (SIM), due to its 
high spectral efficiency, is an appropriate alternative for PPM 
and OOK, but suffers from carrier frequency and phase 
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synchronization.  
Terrestrial FSO link, due to easy and low-cost installation, 
license-free spectrum, and high data rate and security, is a 
competitor for traditional RF system. FSO performance is 
strongly affected by the weather conditions; but even in clear 
weather, atmospheric turbulences, caused by temperature and 
pressure inhomogeneity in the atmosphere, mismatch it.  
Scintillation, one of the problems of atmospheric turbulence 
causes random fluctuations of the received signal intensity. 
Atmospheric turbulence can be modeled as Log-Normal [2], 
Gamma-Gamma [3], K [4], I-K, H-K [5], M [6], and Negative 
Exponential [7]; among them Gamma-Gamma and negative 
Exponential models, are in high accompany with experimental 
results obtained for moderate to strong and saturate regimes, 
respectively [8]. 
One of the main challenges in front of FSO system is 
misalignment of transceivers, known as pointing error effect, 
which significantly degrades performance of FSO system. 
Based on vertical and horizontal displacements of the 
transreceiver, this effect is divided to zero boresight and non-
zero boresight effects. In zero boresight, horizontal and vertical 
displacements on the receiver plane are modeled by zero mean 
Gaussian distribution, whereas in non-zero boresight, 
horizontal and vertical displacements are modeled by non-zero 
mean Gaussian distribution. Radial displacements, in zero 
boresight error and non-zero boresight error are modeled by 
Rayleigh and Rician distributions, respectively. Aperture 
averaging is a low-cost, simple and useful method to 
compensate mitigation caused by pointing error [9, 10]. 
Relay-assisted is known as a solution of increasing the 
system capacity with low power requirement. Multi-hop FSO 
systems have advantages of both FSO and cooperative systems, 
such as high bandwidth, data rate, capacity, and better 
performance. The main difference between relay-assisted 
systems is related to the processing they make on the signal. In 
these systems, the received signal is either amplified [11] or 
decoded [12] or detected [13], and then forwarded. Each of the 
mentioned processing has its own advantages and due to consumer 
demands, such as power, accuracy, latency, complexity, and cost, 
one of them can be implemented. This is the first time that in a 
multi-hop relay assisted hybrid parallel FSO / RF system, the 
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received signal is demodulated and forwarded at each hop. This 
processing takes place in two time slots; first received signal is 
demodulated and regenerated, then the regenerated signal is 
modulated and forwarded. The error occurrence in this protocol 
can be described as follows: symbol 1 is transmitted, if both 
relay and destination detect it wrongly, the error is compensated 
and so the whole system remains without error, else, an error 
occurs. 
Besides advantages of FSO, its disadvantages such as high 
sensitivity to atmospheric turbulence and pointing error, 
severely limits its practical applications. One solution is to 
combine FSO and RF systems [14]. The so-called hybrid FSO 
/ RF links are highly reliable, accessible and provide high 
capacity and data rate. FSO/RF papers are either single-hop, or 
dual-hop or multi-hop. Single-hop structures hybrid parallel 
FSO/RF link [15-19]. So compared with them, novelties of this 
work are multi-hop, receive diversity, demodulate and forward 
relaying, and mathematical solution. A new paper has 
investigated use of diversity in single-hop structures for the first 
time [20]. It has used MRC and EGC combiners at the FSO and 
RF receivers of parallel FSO/RF link. So compared with it, 
novelties of this work are implementation of Selection 
Combiner in RF link, plus the other things mentioned for single 
hop. Dual hop papers mostly use series FSO and RF structure 
with RF at first and FSO at second link [12, 13, 21, 22]. [23] 
used a backup FSO link between source and destination. So 
compared with them novelties of this work are implementation 
of parallel FSO/RF link at each hop, plus the other things 
mentioned for single hop. Some papers used multi-user scheme 
[24]. There are few works published on multi-hop FSO/RF 
system [25-28], which all of them have investigated Outage 
Probability. In multi-hop structures, hops can be serial [27], or 
parallel [28].  
In multi-hop systems, one user acts as the transmitter and the 
other users can act as relays, when the received SNR, at the 
destination, reduces to a threshold level, other users start 
relaying data. In fact users together form an array of distributed 
antennas that can achieve diversity and multiplexing gains as 
MIMO systems [29]. Relaying information through a multi-hop 
link reduces the total power consumption. Thereby, the battery 
may storage its charge longer [30]. 
Space Diversity is an efficient way of compensating the 
mitigation caused by atmospheric turbulences. To the best of 
the author’s knowledge, it is the first time that in a multi-hop 
hybrid parallel FSO / RF structure, receive diversity is used. In 
this technique, the receiver, by combining different received 
copies of the signal can better recover the original signal. There 
are several combiners for this purpose, such as Maximum Ratio 
Combining (MRC), Equal Gain Combining (EGC), and 
Selection Combining (SC) [31]. 
In this paper, a novel multi-hop relay-assisted hybrid FSO / 
RF system with received diversity, connects the mobile user to 
the Base Stations. It is the first time that such a structure is 
investigated at wide range of atmospheric turbulences, from 
moderate to saturate regimes. At this structure, data is 
demodulated and forwarded simultaneously through parallel 
FSO / RF link. FSO link at moderate to strong regime is 
described by Gamma-Gamma atmospheric turbulence with the 
effect of pointing error and at saturate regime is described by 
Negative Exponential atmospheric turbulence, and RF link has 
Rayleigh fading. For the first time, new exact and asymptotic 
expressions are derived in closed-form for BER and Pout of the 
proposed structure. MATLAB simulations are provided in 
order to validate the obtained results. Use of hybrid parallel 
FSO / RF link, despite more power consumption, significantly 
improves performance, reliability and accessibility of the link; 
also multi-hop relaying significantly increases capacity and 
reduces total power consumption. 
The remainder of this study is organized as follows: section 
2 describes system model. In sections 3 and 4, Outage 
Probability and Bit Error rate of the proposed structure are 
discussed, respectively. Section 5 provides simulation results 
and discussions. Section 6 is the conclusion. 
II. SYSTEM MODEL 
 
As can be seen in Fig. 1, 𝑥 is the transmitted signal from RF 
user, the received signal at the first relay (source Base Station) 
with multiple receive antenna becomes as follow: 
 
𝑦1,𝑖 = ℎ1,𝑖𝑥 + 𝑒1,𝑖,   
where, 𝑒1,𝑖; 𝑖 = 1,2, … , 𝑁 is the Additive White 
Gaussian Noise (AWGN), with zero mean and 𝜎RF
2  variance, at 
the first relay (source Base Station) input, and ℎ𝑖 is the fading 
coefficient of 𝑖 − 𝑡ℎ path between user and first relay. At the 
first relay selection combining scheme is used, therefore among 
received RF signals, one with the highest SNR is demodulated 
and regenerated. One copy of regenerated signal is converted to 
optical signal by conversion efficiency of 𝜂, and a DC bias with 
unit amplitude is added to it (in order to FSO signal be positive), 
and then modulated and forwarded via FSO link, another copy 
of regenerated signal is modulated and forwarded in RF link. At 
the other relays, between received FSO and RF signals, one 
with higher SNR is demodulated, regenerated and forwarded 
trough FSO and RF links.  
In this paper, in order to have a comprehensive investigation 
on the proposed structure, wide range of atmospheric 
Destination 
Base StationRF User
RF 
User
Select 
Max 
SNR
Select 
Max 
SNR
𝜂 eM+1,FSO1 -IM+1
eM+1,RF
h1,1 e1,1
h1,N e1,N
Multi-Hop Hybrid Parallel 
FSO / RF link (Demodulate 
& Forward Relaying)
I2
h2
X
Source Base 
Station
 
Fig. 1. The proposed multi-hop relay-assisted hybrid FSO / RF system with 
receive diversity. 
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turbulence regimes, from moderate to saturate, are considered. 
Although there are many model suitable, but the best models 
preserving this end are Gamma-Gamma at moderate to strong 
and Negative Exponential at saturate regime. Also it is the first 
time that RF link in a multi-hop FSO/RF structure is 
investigated at Rayleigh fading. The probability density 
function (pdf) and Cumulative Distribution Function (CDF) of 
Gamma-Gamma distribution with the effect of pointing error 
[15,32], the CDF of Negative Exponential and Rayleigh 
distributions are respectively as follows:  
 
𝑓𝛾(𝛾) =
𝜉2
2Γ(𝛼)Γ(𝛽)𝛾
𝐺1,4
3,0 (𝛼𝛽𝜅√
𝛾
?̅?𝐹𝑆𝑂
|
𝜉2 + 1
𝜉2, 𝛼, 𝛽
), 
  
𝐹𝛾(𝛾) =
𝜉2
Γ(𝛼)Γ(𝛽)
𝐺2,4
3,1 (𝛼𝛽𝜅√
𝛾
?̅?𝐹𝑆𝑂
|
1, 𝜉2 + 1
𝜉2, 𝛼, 𝛽, 0
), 
  
𝐹𝛾(𝛾) = 1 − 𝑒
−𝜆√
𝛾
?̅?𝐹𝑆𝑂, 
  
𝐹𝛾(𝛾) = 1 − 𝑒
−
𝛾
?̅?𝑅𝐹, 
  
 
where 𝐺−
− (. |
−
−) is the Meijer-G function [33], 𝛼, 𝛽 are 
Gamma-Gamma atmospheric turbulence characterization 
parameters, 𝜉 is pointing error characterization parameter [32] 
and Γ(. ) is Gamma function [33]. ?̅?𝐹𝑆𝑂 = 𝐸[𝑥
2]𝜂2/𝜎𝐹𝑆𝑂
2  and 
?̅?𝑅𝐹 = 𝐸[𝑥
2]/𝜎𝑅𝐹
2  are the average SNR at FSO and RF receiver 
input, respectively and 𝜎𝐹𝑆𝑂
2  and 𝜎𝑅𝐹
2  are AWGN variances of 
input noise at FSO and RF receivers. 
Assuming, independent and identically distributed RF paths, 
and according that the first relay selects signal with the highest 
SNR, the CDF of instantaneous SNR at the first relay input 
becomes as follow: 
 
𝐹𝛾1(𝛾) = Pr(𝑚𝑎𝑥(𝛾1,1, 𝛾1,2, … , 𝛾1,𝑁) ≤ 𝛾) =
Pr(𝛾1,1 ≤ 𝛾, 𝛾1,2 ≤ 𝛾,… , 𝛾1,𝑁 ≤ 𝛾) =
∏ Pr(𝛾1,𝑖 ≤ 𝛾)
𝑁
𝑖=1 = ∏ 𝐹𝛾1,𝑖(𝛾)
𝑁
𝑖=1 = (1 − 𝑒
−
𝛾
?̅?𝑅𝐹)
𝑁
.  
  
 
where 𝛾1 is instantaneous SNR at the first relay input. Between 
received FSO and RF signals at 𝑗 − 𝑡ℎ; 𝑗 = 2,3, …𝑀 relay, one 
with higher SNR is selected; therefore, the CDF of 
instantaneous SNR at the 𝑗 − 𝑡ℎ relay input becomes equal to: 
 
𝐹𝛾𝑗(𝛾) = Pr(𝑚𝑎𝑥(𝛾𝑗,1, 𝛾𝑗,2) ≤ 𝛾) = Pr(𝛾𝑗,1 ≤
𝛾, 𝛾𝑗,2 ≤ 𝛾) = 𝐹𝛾𝑗,1(𝛾) 𝐹𝛾𝑗,2(𝛾) . 
  
 
where 𝛾𝑗 is instantaneous SNR at the 𝑗 − 𝑡ℎ relay input. The 
last equality is because of independence of FSO and RF links. 
III. OUTAGE PROBABILITY 
 
In the proposed structure, outage occurs while the SNR of 
received signal at each relay comes down below a threshold 
level. Therefore, 𝑃𝑜𝑢𝑡  of the proposed structure, is calculated as 
follows:  
 
𝑃𝑜𝑢𝑡(𝛾𝑡ℎ) = Pr{(𝛾1, 𝛾2, … , 𝛾𝑀+1) ≤ 𝛾𝑡ℎ} = 1 −
Pr{𝛾1 ≥ 𝛾𝑡ℎ, 𝛾2 ≥ 𝛾𝑡ℎ, … , 𝛾𝑀+1 ≥ 𝛾𝑡ℎ} = 1 −
(1 − Pr{(𝛾1 ≤ 𝛾𝑡ℎ)}) (1 − Pr{(𝛾2 ≤
𝛾𝑡ℎ)}) (1 − Pr{(𝛾𝑀+1 ≤ 𝛾𝑡ℎ)}) = 1 − (1 −
F𝛾1(γth)) (1 − F𝛾2(γth))…(1 − F𝛾𝑀+1(γth)). 
  
  
Which means the availability of the through system is 
multiplication of each hop availability. Except the first link, 
others are the same structures, so have the same availability. 
Accordingly, 𝑃𝑜𝑢𝑡  of the proposed structure becomes equal to: 
 
𝑃𝑜𝑢𝑡(𝛾𝑡ℎ) = 1 − (1 − 𝐹𝛾1(𝛾𝑡ℎ)) (1 − 𝐹𝛾𝑗(𝛾𝑡ℎ))
𝑀
. 
  
  
According to (7), and by substituting (3), (5) and (6) into (9), 
𝑃𝑜𝑢𝑡  of the proposed structure in Gamma-Gamma atmospheric 
turbulence with the effect of pointing error becomes as follows: 
 
𝑃𝑜𝑢𝑡(𝛾𝑡ℎ) = 1 − (1 − (1 − 𝑒
−
𝛾𝑡ℎ
?̅?𝑅𝐹)
𝑁
)(1 −
𝜉2
𝛤(𝛼)𝛤(𝛽)
(1 − 𝑒
−
𝛾𝑡ℎ
?̅?𝑅𝐹) 𝐺2,4
3,1 (𝛼𝛽𝜅√
𝛾𝑡ℎ
?̅?𝐹𝑆𝑂
|
1, 𝜉2 + 1
𝜉2, 𝛼, 𝛽, 0
))
𝑀
.  
  
 
 In derivation of BER, the above term will be used, but its 
somehow complex and needs to be simplified more. By 
substituting binomial expansion of (1 − 𝑒
−
𝛾𝑡ℎ
?̅?𝑅𝐹)
𝑁
and (1 −
𝜉2
Γ(𝛼)Γ(𝛽)
(1 − 𝑒
−
𝛾𝑡ℎ
?̅?𝑅𝐹)𝐺2,4
3,1 (𝛼𝛽𝜅√
𝛾𝑡ℎ
?̅?𝐹𝑆𝑂
|
1, 𝜉2 + 1
𝜉2, 𝛼, 𝛽, 0
))
𝑀
, 𝑃𝑜𝑢𝑡  of the 
proposed structure in Gamma-Gamma atmospheric turbulence 
with the effect of pointing error is as follows: 
 
𝑃𝑜𝑢𝑡(𝛾𝑡ℎ) = 1 + ∑ ∑ ∑ Ω𝑒
−
(𝑘+𝑢)𝛾𝑡ℎ
?̅?𝑅𝐹 ×𝑡𝑢=0
𝑀
𝑡=0
𝑁
𝑘=1
(
𝜉2
Γ(𝛼)Γ(𝛽)
𝐺2,4
3,1 (𝛼𝛽𝜅√
𝛾𝑡ℎ
?̅?𝐹𝑆𝑂
|
1, 𝜉2 + 1
𝜉2, 𝛼, 𝛽, 0
))
𝑡
,  
  
 
where Ω = (
𝑁
𝑘
) (
𝑀
𝑡
) (
𝑡
𝑢
) (−1)𝑘+𝑡+𝑢. As can be seen the 
weight of the CDF of RF link in the above expression is more 
and it’s something logical because there RF links are more than 
FSO links. 
According to (7), and by substituting (4), (7) and (6) into (9), 
and substituting binomial expansion of (1 − 𝑒
−
𝛾𝑡ℎ
?̅?𝑅𝐹)
𝑁
 and 
(1 − (1 − 𝑒
−
𝛾𝑡ℎ
?̅?𝑅𝐹) (1 − 𝑒
−𝜆√
𝛾𝑡ℎ
?̅?𝐹𝑆𝑂))
𝑀
, 𝑃𝑜𝑢𝑡  of the proposed 
structure in Negative Exponential atmospheric turbulence 
becomes as follow: 
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𝑃𝑜𝑢𝑡(𝛾𝑡ℎ) = 1 +∑∑∑∑Λ𝑒
−
(𝑘+𝑢)𝛾𝑡ℎ
?̅?𝑅𝐹 𝑒
−𝜆𝑣√
𝛾𝑡ℎ
?̅?𝐹𝑆𝑂
𝑡
𝑣=0
𝑡
𝑢=0
𝑀
𝑡=0
𝑁
𝑘=1
, 
  
 
where Λ = (
𝑁
𝑘
) (
𝑀
𝑡
) (
𝑡
𝑢
) (
𝑡
𝑣
) (−1)𝑘+𝑡+𝑢+𝑣. Although there are 
3 and 4 summations in (11) and (12); but it should be considered 
that this complexity is because of assuming a complex 
structure.  
IV. BIT ERROR RATE 
In this paper DPSK modulation is used for both FSO and RF 
systems. BER of DPSK modulation can be calculated 
analytically using the following formula [14]: 
 
𝑃𝑒 =
1
2
∫ 𝑒−𝛾𝐹𝛾(𝛾)𝑑𝛾 =
1
2
∫ 𝑒−𝛾𝑃𝑜𝑢𝑡(𝛾)𝑑𝛾
∞
0
∞
0
. 
  
 
where the last inequality is because 𝐹𝛾(𝛾) = 𝑃𝑜𝑢𝑡(𝛾). BER of 
DPSK modulation in Gamma-Gamma atmospheric turbulence 
with the effect of pointing error can be obtained by substituting 
(11) into (13): 
 
𝑃𝑒 =
1
2
∫ 𝑒−𝛾 {1 + ∑ ∑ ∑ Ω𝑒
−
(𝑘+𝑢)𝛾
?̅?𝑅𝐹 ×𝑡𝑢=0
𝑀
𝑡=0
𝑁
𝑘=1
∞
0
(
𝜉2
Γ(𝛼)Γ(𝛽)
𝐺2,4
3,1 (𝛼𝛽𝜅√
𝛾
?̅?𝐹𝑆𝑂
|
1, 𝜉2 + 1
𝜉2, 𝛼, 𝛽, 0
))
𝑡
} 𝑑𝛾.  
  
 
When > 2 , because of multiplication of three Meijer-G and one 
exponential functions, the above integral cannot be solved. The 
main novelty of mathematical calculations of this paper is this 
section; which derives new asymptotic and exact expressions in 
closed-form for BER and outage probability of the proposed 
structure in Gamma-Gamma atmospheric turbulence with the 
effect of pointing error. 
 
A. Exact BER for Gamma-Gamma atmospheric turbulence 
with the effect on pointing error  
 
By substituting exact equivalent expression for the CDF of 
Gamma-Gamma atmospheric turbulence with the effect of 
pointing error from Appendix A  into (11), and by substituting 
binomial expansion of (𝑋0 (
𝛾𝑡ℎ
?̅?𝐹𝑆𝑂
)
𝜉2
2 + ∑ 𝑌𝑛
∞ 
𝑛=0 (
𝛾𝑡ℎ
?̅?𝐹𝑆𝑂
)
𝑛+𝛼
2 +
∑ 𝑍𝑛
∞ 
𝑛=0 (
𝛾𝑡ℎ
?̅?𝐹𝑆𝑂
)
𝑛+𝛽
2 )
𝑡
 as ∑ ∑ (
𝑡
𝑘1
) (
𝑘1
𝑘2
) (𝑋0 (
𝛾𝑡ℎ
?̅?𝐹𝑆𝑂
)
𝜉2
2 )
𝑡−𝑘1
×
𝑘1
𝑘2=0
𝑡
𝑘1=0
(∑ 𝑌𝑛
∞ 
𝑛=0 (
𝛾𝑡ℎ
?̅?𝐹𝑆𝑂
)
𝑛+𝛼
2 )
𝑘1−𝑘2
(∑ 𝑍𝑛
∞ 
𝑛=0 (
𝛾𝑡ℎ
?̅?𝐹𝑆𝑂
)
𝑛+𝛽
2 )
𝑘2
 and after some 
mathematical simplifications, 𝑃𝑜𝑢𝑡  of the proposed structure 
becomes equal to: 
 
 
 
𝑃𝑜𝑢𝑡(𝛾𝑡ℎ) = 1 +
∑ ∑ ∑ ∑ ∑ ∑ Ω∞ 𝑛=0 (
𝑡
𝑘1
) (
𝑘1
𝑘2
) 𝑋0
𝑡−𝑘1 ×
𝑘1
𝑘2=0
𝑡
𝑘1=0
𝑡
𝑢=0
𝑀
𝑡=0
𝑁
𝑘=1
(𝑌𝑛
(𝑘1−𝑘2) ∗ 𝑍𝑛
(𝑘2)) 𝑒
−
(𝑘+𝑢)𝛾𝑡ℎ
?̅?𝑅𝐹 (
𝛾𝑡ℎ
?̅?𝐹𝑆𝑂
)
𝑛+𝜉2(𝑡−𝑘1)+𝛼(𝑘1−𝑘2)+𝛽𝑘2
2
 . 
  
By substituting (15) into (13), BER of DPSK modulation in 
Gamma-Gamma atmospheric turbulence with the effect of 
pointing error becomes equal to: 
 
𝑃𝑒 =
1
2
{1 + ∑ ∑ ∑ ∑ ∑ ∑ Ω∞ 𝑛=0 (
𝑡
𝑘1
) (
𝑘1
𝑘2
) ×
𝑘1
𝑘2=0
𝑡
𝑘1=0
𝑡
𝑢=0
𝑀
𝑡=0
𝑁
𝑘=1
𝑋0
𝑡−𝑘1 (𝑌𝑛
(𝑘1−𝑘2) ∗ 𝑍𝑛
(𝑘2))
(1/?̅?𝐹𝑆𝑂)
𝑛+𝜉2(𝑡−𝑘1)+𝛼(𝑘1−𝑘2)+𝛽𝑘2
2
(1+
𝑘+𝑢
?̅?𝑅𝐹
)
1+
𝑛+𝜉2(𝑡−𝑘1)+𝛼(𝑘1−𝑘2)+𝛽𝑘2
2
}.  
 
  
As can be seen in (15) and (16), N and M which are number 
of antennas and relays respectively, are above limits of the 
summation. According that these equations are not one-to-one, 
its not possible to derive mathematical support for the impact 
of  𝑀 and 𝑁 on the performance of the proposed multi-hop 
FSO/RF structure; but it’s possible to do through simulations. 
This is done in this paper for the first time at the results section. 
B. Asymptotic BER of Gamma-Gamma atmospheric 
turbulence with the effect of pointing error 
 
According that (15) and (16) are a bit complex and it’s not 
easy to enough insight into them, in the following section new 
asymptotic expressions are derived in closed-form for BER and 
outage probability of the proposed structure in Gamma-Gamma 
atmospheric turbulence with the effect of pointing error. 
By substituting CDF of Gamma-Gamma atmospheric 
turbulence with the effect of pointing error, from Appendix B 
into (11), 𝑃𝑜𝑢𝑡  of the proposed system becomes as follows:  
 
𝑃𝑜𝑢𝑡(𝛾𝑡ℎ) ≅
{
 
 
 
 1 + ∑ ∑ ∑ 𝑒
−
(𝑘+𝑢)𝛾𝑡ℎ
?̅?𝑅𝐹 Ω(𝜛)𝑡𝛾𝑡ℎ
𝛽𝑡
2𝑡𝑢=0
𝑀
𝑡=0
𝑁
𝑘=1 (1)
1 + ∑ ∑ ∑ 𝑒
−
(𝑘+𝑢)𝛾𝑡ℎ
?̅?𝑅𝐹 Ω(𝜌)𝑡𝛾𝑡ℎ
𝜉2𝑡
2𝑡𝑢=0
𝑀
𝑡=0
𝑁
𝑘=1 (2)
1 + ∑ ∑ ∑ 𝑒
−
(𝑘+𝑢)𝛾𝑡ℎ
?̅?𝑅𝐹 Ω(𝜗)𝑡𝛾𝑡ℎ
𝛼𝑡
2𝑡𝑢=0
𝑀
𝑡=0
𝑁
𝑘=1 (3)
 . 
  
 
As can be seen (17) is a simple linear equation. It is very easy 
to have enough insight to it. As is expected by increasing 𝑁,  
𝑃𝑜𝑢𝑡  decreases because k (which is related to 𝑁) , is at the 
exponent multiplied by a minus sign. Also increasing number 
of relays, as expected increases 𝑃𝑜𝑢𝑡  because t (which is related 
to 𝑀), is in the power of 𝛾𝑡ℎ. Increasing 𝑀 increases number of 
decisions made on the signal and this leads to increase in 𝑃𝑜𝑢𝑡. 
By substituting the result into (14), BER of DPSK modulation 
becomes equal to: 
 5 
 
𝑃𝑒 ≅
{
 
 
 
 
 
 
 
 1 + ∑ ∑ ∑
Ω(𝜛)𝑡Γ(
𝛽𝑡
2
+1)
(1+
𝑘+𝑢
?̅?𝑅𝐹
)
𝛽𝑡
2 +1
𝑡
𝑢=0
𝑀
𝑡=0
𝑁
𝑘=1 (1)
1 + ∑ ∑ ∑
Ω(𝜌)𝑡Γ(
𝜉2𝑡
2
+1)
(1+
𝑘+𝑢
?̅?𝑅𝐹
)
𝜉2𝑡
2 +1
𝑡
𝑢=0
𝑀
𝑡=0
𝑁
𝑘=1 (2)
1 + ∑ ∑ ∑
Ω(𝜗)𝑡Γ(
𝛼𝑡
2
+1)
(1+
𝑘+𝑢
?̅?𝑅𝐹
)
𝛼𝑡
2 +1
𝑡
𝑢=0
𝑀
𝑡=0
𝑁
𝑘=1 (3)
  
  
 
Also (18) is a linear function and simple insights of 𝑃𝑜𝑢𝑡  are 
also valid here with different reasons. But there is a beautiful 
insight here; amounts of k and t (which are related to 𝑁 and 𝑀, 
respectively), compared with ?̅?𝑅𝐹 are very small and negligible. 
In the results section, it is shown that different number of 
antennas, especially at high ?̅?𝑅𝐹 have the same effect on the 
performance of the proposed structure; and that’s what (17) and 
(18) say.  
Substituting (12) into (13), and substituting Meijer-G 
equivalent of 𝑒
−𝜆𝑣√
𝛾
?̅?𝐹𝑆𝑂 as 
1
√𝜋
𝐺0,2
2,0 (
(𝜆𝑣)2𝛾
4?̅?𝐹𝑆𝑂
|
−
0,0.5) and using [33], 
BER of DPSK modulation in Negative Exponential 
atmospheric turbulence becomes equal: 
 
𝑃𝑒 =
1
2
{∑ ∑ ∑ ∑ Λ𝑡𝑣=0
𝑡
𝑢=0
𝑀
𝑡=0
𝑁
𝑘=1
1
√𝜋
1
1+
𝑘+𝑢
?̅?𝑅𝐹
×
𝐺1,2
2,1 (
(𝜆𝑣)2
4?̅?𝐹𝑆𝑂(1+
𝑘+𝑢
?̅?𝑅𝐹
)
|
0
0,0.5
)} . 
  
It is correct that with modern computing tools, it is now 
easier to produce analytical expressions. But it should be 
considered that in fact even modern computing tools cannot get 
forms shorter than formulations derived in this paper; because 
Meijer-G function is the shortest possible closed-form 
expression one can find for any kind of mathematical 
expressions, which used as a tool in many of the well-cited 
papers published by skilled authors in FSO performance 
investigation. 
Although the mathematical formulations are a bit complex 
but it’s not necessary to challenge with them in mathematical 
area, physical insights can be easily obtained by plotting their 
figures. The Meijer-G function have complex structure by 
itself, the proposed structure is also complex, it’s reasonable 
that derived expressions become complex; isn’t it? There are 
many papers in FSO system performance that used Meijer-G, 
without significant insight over mathematical expressions. 
They have just used math as a tool of deriving expressions 
needed for performance evaluation. But instead they brought 
enough physical insights while handling the results section.  
V.  COMPARISON OF SIMULATION AND ANALYTICAL RESULTS 
 
In this section simulation and analytical results, obtained for 
performance evaluation of the proposed structure, are compared 
and analyzed. Moderate to saturate atmospheric turbulence 
regimes are considered. It is assumed that FSO and RF links 
have the same average SNR (𝛾𝑎𝑣𝑔 = ?̅?𝐹𝑆𝑂 = ?̅?𝑅𝐹) and 𝜂 = 1. 
The proposed structure is investigated at various number of 
receive antennas and relays. 𝑀 is number of relays and 𝑁 is 
number of receive antennas. 𝛾𝑡ℎ is the outage threshold SNR.  
 In Fig. 2, Outage Probability of the proposed structure is 
plotted as a function of average SNR for various number of 
receive antennas for Negative Exponential atmospheric 
turbulence with unit variance, when number of relays is 𝑀 = 2 
and 𝛾𝑡ℎ = 10𝑑𝐵. As can be seen, performance of the proposed 
structure has low dependence on number of receive antennas. 
Generally, a system with multiple receive antennas performs 
better than a system with single receive antenna.  The proposed 
structure uses selection combiner and therefore, by increase of 
number of receive antenna, it is more likely that the SNR of the 
selected signal be higher than the threshold level. 
In Fig. 3, Outage Probability of the proposed structure is 
plotted as a function of average SNR for various number of 
relays for Negative Exponential atmospheric turbulence with 
unit variance, when number of receive antennas is 𝑁 = 2  and 
𝛾𝑡ℎ = 10𝑑𝐵. At 𝑃𝑜𝑢𝑡 = 10
−4 , 𝛾𝑎𝑣𝑔 difference between system 
performance at 𝑀 = 1and 𝑀 = 2,3,4, is about 2𝑑𝐵, 3dB and 
4dB, respectively. At wide range of target 𝑃𝑜𝑢𝑡 , the same 𝛾𝑎𝑣𝑔 
difference values can be observed. In series relay structure, 
performance degrades by relay addition. However, because 
𝛾𝑎𝑣𝑔 difference values at different target 𝑃𝑜𝑢𝑡 are the same, only 
constant fraction of consumed power should be added to 
compensate this degradation, and it is not required additional 
processing to adjust this fraction adaptively.   
In Fig. 4, Outage Probability of the proposed structure is 
plotted as a function of average SNR for various variances of 
Negative Exponential atmospheric turbulence, when number of 
users is 𝑁 = 2, number of relays is 𝑀 = 2 and 𝛾𝑡ℎ = 10𝑑𝐵. It 
can be seen that the proposed structure is severely dependent on 
atmospheric turbulence variance; for example, at 𝑃𝑜𝑢𝑡 = 10
−3 , 
𝛾𝑎𝑣𝑔 difference between system performance of the cases of 
𝜆 = 1 and 𝜆 = 2, also between the cases of 𝜆 = 1 and 𝜆 = 5, is 
 
Fig. 2. Outage Probability of the proposed structure as a function of 
average SNR for various number of receive antennas for Negative 
Exponential atmospheric turbulence with unit variance, when number of 
relays is 𝑀 = 2 and 𝛾𝑡ℎ = 10𝑑𝐵. 
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 6 
about 2𝑑𝐵 and 5𝑑𝐵, respectively. This difference changes at 
different target 𝑃𝑜𝑢𝑡 , thereby, the proposed structure is not 
recommended for non-urban cells with high changes in 
atmospheric turbulence. But generally speaking at these places, 
because of the dependence on atmospheric turbulences, much 
more power is required to compensate the degradation caused 
by atmospheric turbulence.  
In Fig. 5, Bit Error Rate of the proposed structure is plotted 
as a function of average SNR for moderate (𝛼 = 4, 𝛽 =
1.9, 𝜉 = 10.45) and strong (𝛼 = 4.2, 𝛽 = 1.4, 𝜉 = 2.45), 
regimes of Gamma-Gamma atmospheric turbulence with the 
effect of pointing error, when number of receive antenna is 𝑁 =
2 and number of relays is 𝑀 = 2. It can be seen that there is 
little 𝛾𝑎𝑣𝑔 difference between system performance at moderate 
and strong atmospheric turbulence regimes, for example, at 
𝑃𝑒 = 10
−4 and 𝑃𝑒 = 10
−3, this difference is about 1.5𝑑𝐵 and 
2𝑑𝐵, respectively. Therefore, this structure is suitable for urban 
cells which encounter with frequent changes in atmospheric 
turbulence. This structure is not sensitive to changes in 
atmospheric turbulence, therefore it does not need an adaptive 
processor in order to maintain performance. From this point of 
view, it has less complexity and installation cost. 
 In Fig. 6, Outage Probability of the proposed structure is 
plotted as a function of average SNR for various number of 
relays for moderate (𝛼 = 4, 𝛽 = 1.9, 𝜉 = 10.45) regime of 
Gamma-Gamma atmospheric turbulence with the effects of 
pointing error, when number of antennas is 𝑁 = 2 and 𝛾𝑡ℎ =
10𝑑𝐵. It can be seen that at 𝑃𝑜𝑢𝑡 = 10
−4, 𝛾𝑎𝑣𝑔 difference 
between system performance at the case of 𝑀 = 1and cases of 
𝑀 = 2,3,4 are about 1.5dB,  2dB, and 3dB, respectively. Of 
course, the degradation caused by relay addition is compensable 
by consuming power, therefore the proposed structure is 
particularly suitable for communication cells which service 
huge number of users.  
 
Fig. 6. Outage probability of the proposed structure as a function of 
average SNR for various number of relays for moderate (𝛼 = 4, 𝛽 =
1.9, 𝜉 = 10.45) regime of Gamma-Gamma atmospheric turbulence with the 
effects of pointing error, when number of antennas is 𝑁 = 2 and 𝛾𝑡ℎ =
10𝑑𝐵. 
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 Fig. 4. Outage Probability of the proposed structure as a function of 
average SNR for various variances of Negative Exponential atmospheric 
turbulence, when number of users is 𝑁 = 2, number of relays is 𝑀 = 2 and 
𝛾𝑡ℎ = 10𝑑𝐵. 
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Fig. 3, Outage Probability of the proposed structure as a function of 
average SNR for various number of relays for Negative Exponential 
atmospheric turbulence with unit variance, when number of receive 
antenna is 𝑁 = 2  and 𝛾𝑡ℎ = 10𝑑𝐵. 
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Fig. 5. Bit Error Rate of the proposed structure as a function of 
average SNR for moderate (𝛼 = 4, 𝛽 = 1.9, 𝜉 = 10.45) and strong (𝛼 =
4.2, 𝛽 = 1.4, 𝜉 = 2.45), regimes of Gamma-Gamma atmospheric 
turbulence with the effect of pointing error, when number of receive 
antenna is 𝑁 = 2 and number of relays is 𝑀 = 2. 
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 In Fig. 7, Outage probability of the proposed structure is 
plotted as a function of average SNR for different number of 
receive antennas, for moderate regime of Gamma-Gamma 
atmospheric turbulence with the effect of pointing error, when 
number of relay is 𝑀 = 2 and 𝛾𝑡ℎ = 10𝑑𝐵. As can be seen, the 
proposed structure has little dependence on the number of 
receive antennas. This is due to the selection of the antenna with 
the highest SNR. Since different received signal encounter with 
independent fading, with the increase in the number of 
antennas, it is more likely to find signal with favorable SNR 
level.  
VI. CONCLUSION 
In this study, a novel multi-hop relay-assisted hybrid FSO / 
RF structure is presented in which a user is connected to the 
source Base Station via RF link with receive diversity source 
and destination Base Stations are connected via a multi-hop 
hybrid FSO / RF link. Demodulate and forward protocol is used 
in this structure. The proposed structure has little dependence 
on the number of receive antennas, therefore, can use one 
receive antenna and eliminate the selection combiner while 
maintaining performance, hence cost, complexity, and power 
consumption reduces greatly. Also the difference between 
system performance at various number of relays is constant for 
wide range of target 𝑃𝑜𝑢𝑡, therefore, it does not require an 
adaptive processing in order to define the fraction of additional 
power for maintaining system performance, hence the proposed 
structure increases capacity while maintaining performance of 
the system, with low additional complexity and latency. The 
proposed structure is a bit more sensitive to Negative 
Exponential atmospheric turbulence than Gamma-Gamma 
atmospheric turbulence with the effect of pointing error. Hence 
the proposed structure is particularly suitable for urban 
communications which encounter frequent changes in 
atmospheric turbulence. 
APPENDIX A 
Using [33], the pdf of Gamma-Gamma atmospheric 
turbulence with the effect of pointing error, becomes as 
follows:  
 
𝑓𝛾𝐹𝑆𝑂(𝛾) =
ξ2Γ(𝛼−𝜉2)Γ(𝛽−𝜉2)
2Γ(𝛼)Γ(𝛽)𝛾
(𝛼𝛽𝜅√
𝛾
?̅?𝐹𝑆𝑂
)
𝜉2
×
𝐹2 (0; 1 − 𝛼 + 𝜉
2, 1 − 𝛽 + 𝜉2; 𝛼𝛽𝜅√
𝛾
?̅?𝐹𝑆𝑂
)1 +
ξ2Γ(𝜉2−𝛼)Γ(𝛽−𝛼)
2Γ(𝛼)Γ(𝛽)Γ(𝜉2+1−𝛼)𝛾
(𝛼𝛽𝜅√
𝛾
?̅?𝐹𝑆𝑂
)
𝛼
×
𝐹2 (𝛼 − 𝜉
2; 1 − 𝜉2 + 𝛼, 1 − 𝛽 + 𝛼; 𝛼𝛽𝜅√
𝛾
?̅?𝐹𝑆𝑂
)1 +
ξ2Γ(𝛼−𝛽)Γ(𝜉2−𝛽)
2Γ(𝛼)Γ(𝛽)Γ(𝜉2+1−𝛽)𝛾
(𝛼𝛽𝜅√
𝛾
?̅?𝐹𝑆𝑂
)
𝛽
×
𝐹2 (𝛽 − 𝜉
2; 1 − 𝜉2 + 𝛽, 1 − 𝛼 + 𝛽; 𝛼𝛽𝜅√
𝛾
?̅?𝐹𝑆𝑂
)1  . 
  
 
where 𝐹𝑞(𝑎1, … , 𝑎𝑝; 𝑏1, … , 𝑏𝑞; 𝑧)𝑝  is the Hyper-Geometric 
function [33]. Using [33], the above expression becomes as 
follows: 
 
𝑓𝛾𝐹𝑆𝑂(𝛾) =
ξ2Γ(𝛼−𝜉2)Γ(𝛽−𝜉2)
2Γ(𝛼)Γ(𝛽)
(𝛼𝛽𝜅)𝜉
2
(
𝛾
?̅?𝐹𝑆𝑂
)
𝜉2
2
−1
+
∑
ξ2Γ(𝛽−𝛼)(𝛼−𝜉2)
𝑛
2Γ(𝛼)Γ(𝛽)(𝜉2−𝛼)(1−𝜉2+𝛼)𝑛(1−𝛽+𝛼)𝑛𝑛!
(𝛼𝛽𝜅)𝑛+𝛼 (
𝛾
?̅?𝐹𝑆𝑂
)
𝑛+𝛼
2
−1
∞
𝑛=0 +
∑
ξ2Γ(𝛼−𝛽)(𝛽−𝜉2)
𝑛
2Γ(𝛼)Γ(𝛽)(𝜉2−𝛽)(1−𝜉2+𝛽)𝑛(1−𝛼+𝛽)𝑛𝑛!
(𝛼𝛽𝜅)𝑛+𝛽 (
𝛾
?̅?𝐹𝑆𝑂
)
𝑛+𝛽
2
−1
∞
𝑛=0
 , 
  
where (. )𝑛 is the well-known pochhammer symbol. Integrating 
the above equation, CDF of Gamma-Gamma atmospheric 
turbulence with the effect of pointing error becomes as follows: 
 
𝐹𝛾𝐹𝑆𝑂(𝛾) =
Γ(𝛼−𝜉2)Γ(𝛽−𝜉2)
Γ(𝛼)Γ(𝛽)
(𝛼𝛽𝜅)𝜉
2
(
𝛾
?̅?𝐹𝑆𝑂
)
𝜉2
2
+
∑
Ξ2Γ(𝛽−𝛼)(𝛼−𝜉2)
𝑛
(𝑛+𝛼)Γ(𝛼)Γ(𝛽)(𝜉2−𝛼)(1−𝜉2+𝛼)𝑛(1−𝛽+𝛼)𝑛𝑛!
(𝛼𝛽𝜅)𝑛+𝛼 ×∞𝑛=0
(
𝛾
?̅?𝐹𝑆𝑂
)
𝑛+𝛼
2
+ ∑
Ξ2Γ(𝜉2−𝛽)(𝛽−𝜉2)
𝑛
(𝑛+𝛽)Γ(𝛼)Γ(𝛽)(𝛼−𝛽)(1−𝜉2+𝛽)𝑛(1−𝛼+𝛽)𝑛𝑛!
×∞𝑛=0
(𝛼𝛽𝜅)𝑛+𝛽 (
𝛾
?̅?𝐹𝑆𝑂
)
𝑛+𝛽
2
= 𝑋0 (
𝛾
?̅?𝐹𝑆𝑂
)
𝜉2
2
+ ∑ 𝑌𝑛 (
𝛾
?̅?𝐹𝑆𝑂
)
𝑛+𝛼
2∞
𝑛=0 +
∑ 𝑍𝑛 (
𝛾
?̅?𝐹𝑆𝑂
)
𝑛+𝛽
2∞
𝑛=0   
APPENDIX B 
From approximation [33], at 𝛾 ≫ 1, the pdf of Gamma-
Gamma atmospheric turbulence with the effect of pointing error 
becomes as follows: 
 
  
 
Fig. 7. Outage probability of the proposed structure as a function of 
average SNR for different number of receive antennas, for moderate (𝛼 =
4, 𝛽 = 1.9, 𝜉 = 10.45) regime of Gamma-Gamma atmospheric turbulence 
with the effect of pointing error, when number of relays is 𝑀 = 2 and 𝛾𝑡ℎ =
10𝑑𝐵. 
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 8 
𝑓𝛾(𝛾) ≅
{
 
 
 
 
 
 𝜉2Γ(𝛼−𝛽)
2Γ(𝛼)Γ(𝛽)(𝜉2−𝛽)𝛾
(𝛼𝛽𝜅√
𝛾
?̅?𝐹𝑆𝑂
)
𝛽
 𝜉2 > 𝛽, 𝛼 > 𝛽
𝜉2Γ(𝛽−𝜉2)Γ(𝛼−𝜉2)
2Γ(𝛼)Γ(𝛽)𝛾
(𝛼𝛽𝜅√
𝛾
?̅?𝐹𝑆𝑂
)
𝜉2
𝛼 > 𝜉2, 𝛽 > 𝜉2
𝜉2Γ(𝛽−𝛼)
2Γ(𝛼)Γ(𝛽)(𝜉2−𝛼)𝛾
(𝛼𝛽𝜅√
𝛾
?̅?𝐹𝑆𝑂
)
𝛼
𝛽 > 𝛼, 𝜉2 > 𝛼
  
 
Integrating above equation, CDF of Gamma-Gamma 
atmospheric turbulence with the effect of pointing error is as: 
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